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REGENERATION PROCEDURE FOR FISCHER-TROPSCH CATALYST 



CROSS-REFERENCE TO RELATED APPLICATIONS 

The present application claims the benefit of 35 U.S.C. 111(b) provisional application 

5 Serial No. 60/166,020. filed November 17. 1999. and entitled Regeneration Procedure for 

Fischer-Tropsch Catalyst. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 

1 0 Not applicable. 

FIELD OF THE INVENTION 

Tlie present invention relates to a process for the preparation of hydrocarbons from 
synthesis gas, (i.e.. a mixture of carbon monoxide and hydrogen), typically labeled the 
Fischer-Tropsch process. More particularly, the present invention relates to a regeneration 
15 method for a Fischer-Tropsch catalyst. Still more particularly, the present invention relates to 
the use of steam to decoke and regenerate deactivated Fischer-Tropsch catalyst. 

BACKGROUND OF THE IIWENTION 
Large quantities of methane, the main component of natural gas, are available in many- 
areas of the world. However, most natural gas is situated in areas that are geographically 
20 remote from population and industrial centers. The costs of compression, transportation, and 
storage make the use of this remote gas economically unattractive. To improve the economics 
of natural gas use, much research has focused on the use of methane as a starting material for 
the production of higher hydrocarbons and hydrocarbon liquids. 

As a result, various technologies for the conversion of methane to hydrocarbons have 
25 evolved. The conversion is typically carried out in two steps. In the first step methane is 
reformed with water or partially oxidized with oxygen to produce carbon monoxide and 
hydrogen (i.e., synthesis gas or syngas). In a second step, the syngas is converted to 
hydrocarbons. 

This second step, the preparation of hydrocarbons from synthesis gas is well known in 
30 the art and is usually referred to as Fischer-Tropsch synthesis, the Fischer-Tropsch process, or 
Fischer-Tropsch reaction(s). The Fischer-Tropsch reaction involves the catalytic 
hydrogenation of carbon monoxide to produce a variety of products ranging from methane to 
higher aliphatic alcohols. The methanation reaction was first described in the early 1900's, and 
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ill- iaicr work b\ I'lschcr and 1 rop-cii dcalinLi with liiL^hcr hydro^arbiMi sN nlhcsis was described 

i aKil\^t> l^>r as- in sueh -'^ nlhc^i^ usualiv l onlaii: .1 calal > iicalU actnc metal ofdroups 
](} (:p. tlie Ne\\ nv^lalion [\w PLTiodic tabic ot ib.e cleinenl>. \^hich is followed 
throiiLihout ' In panieular. iron.. cobaJi. nickel, an.d ruthenium ha\ e been used as the 
ealal\"tieall\ aeti\e melals ("obalt and rulheniLim ha\e been lound to be most suitable tor 
cataK/me a process m which s\ nthes]> iias is comened lo pninariiN hydrocarbons havmg five 
or more carbon atoIn^ (i.e., where the e\. ^eieclivn> t>l'the catahst is high). Additionally, the 
calal> si> olien ctnuain one or more promoters and a support or carrier material. Ruthenium is a 

10 widcK used proriiolei . 

The Fischer- 1 ropsch synthesis reactions are highly exothennic and reaction vessels 
must be designed tor adequate heat e\ch:mge capac!i> . Because the feed streams to Fischer- 
1 ropsch reaction \esscls are gases, while the product streams include liquids, ttie reaction 
vessels must ha\ e the ability to contmuousK produce and remo\ e the desired ranee of liquid 

15 hydriKarK>n products. The first major commercial use of the Fischer-'l ropsch process was in 
C'Tcmianv dunng the l^)3(fs. More than lO.OOO H I) (barrels per day) of products were 
manulaclured with a cobalt based catai>st in a fi.\ed-bed reactor. This work was descnbed by 
Fischer and Pichler in Cicr. l^ai. No. 7;. 1.205 issued Aug. 2. 193b. 

Moii\ated bN the hope 01 producing of high-grade gasoline Irom natural gas. research 

20 on Ihe pi>Nsible use of tiie lluidi/ed bed lor Fischer- 1 ropsch synthesis was conducted in the 
UniieJ Slates in the nud- 1040s. Based on laborator> results. Hydrocarbon Research. Inc. 
consiruued a dense-phase lluidi/ed bed reactor, the Hvdrocol unit, at Carthage. Texas, usmg 
P<^wdered iron as the catai\si. Due to disappoiniing le\els ol conversion, scale-up problems, 
and nsing natural ga.^ prices, operations at this plain were suspended in 105:^. Research 

2-- continued. howe\er. on de\ eloping bischer- 1 ropsch reactors, such as slurry-bubble columns, as 
disclosed in I'.S Patent No. 5.>4S.OS2. Despite significant advances, certain areas of the 
l ischer- 1 ropsch lechnologx still have room for improvement. One potential technology in 
need of impro\ ement relates to regeneratitMi of the syngas catalyst. 

.\tter a renod of time ir. operation, a catalvst will becinne deactivated, losing its 
cllcctixer^c-s lor -'. athc^:^ L:a- .on\ersion 10 .1 oe-rec liiai makes n unco nion^ical at best and 
inoncrati\e at uor^i A: :hi- poira. liic cataUsi ^an be caSicr replaced or reecnerated. Because 
i::c v.alal>-i- tend l.^ be [ciat:\c:> c\pen<i\c. rcger-cration preferred over repiacemenl 
( .ii.d'.-: :-.-^:c::> T'CvcnK dca. :i\.i:ed b> ranrx;r pr.ves-c-. mvaiding coking. 
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sintering, oxidation, and reduction. The process chiefly responsible for deactivation varies 
among catalyst systems. Therefore, the preferred method for regeneration tends to depend on 
the catalyst system to be regenerated. 

Research is continuing on the development of more efficient Fischer-Tropsch catalyst 
5 systems and catalyst systems that can be more effectively regenerated. In particular, a number 
of studies describe the use of various gases, including hydrogen, air, and carbon monoxide to 
regenerate a variety of d-block metal containing Fischer-Tropsch catalyst systems. 

U.S. Patent No. 3,958,957, issued on May 25, 1976, describes a carbon-alkali metal 
catalyst, used for conversion of synthesis gas to methane and higher hydrocarbons at a pressure 
10 of 100 - 1500 psig and a temperature of 300 - 550 °F at a t\^ical gas hourly space velocity of 
1000 volimies gas/hr/volume catalyst. The carbon-alkali metal catalyst can be regenerated with 
air oxidation. 

U.S. Patent No. 4,151,190, issued on April 24, 1979, describes a catalyst comprising at 
least one of a sulfide, oxide, or metal of Mo, W, Re, Ru, Ni, or Pt, at least one of a hydroxide, 
1 5 oxide, or salt of Li, Na K, Rb, Cs, Mg, Ca, Sr, Ba, or Th, and a support, used for conversion of 
synthesis gas with an H.iCO ratio of 0.25-4.0, preferably 0.5 - 1.5, to Q - hydrocarbons at.a 
pressure of 1 5-2000 psia and a temperature of 250-500 °C at a typical gas hourly space velocity 
of 300 v/hr/v. This catalyst can be regenerated by contacting it with hydrogen gas at 500-600 
°Cfor 16 hours. 

20 U.S. Patent No. 4,738,948, issued on April 19, 1988, describes a catalyst comprising 

cobalt and ruthenium at an atomic ratio of 1 0-400, on a refractory carrier, such as titania or 
silica. The catalyst is used for conversion of synthesis gas with an Hj.CO ratio of 0.5-10, 
preferably 0.5 - 4, to C5 - C40 hydrocarbons at a pressure of 80-600 psig and at a temperature of 
160-300 °C, at a gas hourly space velocity of 1 00-5000 v/hr/v. This catalyst can be regenerated 

25 by contacting it with hydrogen gas at 1 50-300 °C, preferably 190-260 ^C, for 8-10 hours. 

U.S. Patent No. 5,728,918, issued on March 17, 1998, describes a catalyst comprising 
cobalt on a support, used for conversion of synthesis gas with an Hn'.CO ratio of 1-3, preferably 
1 .8-2.2, to C5+ hydrocarbons at a pressure of 1 -1 00 bar and at a temperature of 1 50-300 ''C, at a 
typical gas hourly space velocity of 1000-6000 v/hr/v. This catalyst can be regenerated by 

30 contacting it with a gas containing carbon monoxide and less than 30% hydrogen, at a 
temperature more than 10 °C above Fischer-Tropsch conditions and in the range 100-500 ""C, 
and at a pressure of 0.5-10 bar, for at least 10 minutes, preferably 1-12 hours. The contact time 
period depends on temperature and gas hourly space velocity. The '918 patent also teaches an 

3 
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acTi\at:on procedure, whicli n}:\\ inciuJc a tlrsi step o\ ctuilaciinLi the calahsi wiih a iias 
containinL! molecular ox>ecn. rrelcrabU air. al -('. ai atiTiosplKTic pressure, lor more 

than 3(' nuiuiies, and nreterabh lor I-4S hour>. 

r.S. Patent No. A,^'^^~(K-. insucu on June 1 U^Sf). describo a catal\>; comprisuiij 
cobalt or thona promoted cobalt on. a tuania support, used lor con\ersion 'Ot svuthesis ^zas with 
an }-L:C() ratio of 0.5-4. pre!erabi> 2-3. to C. |,.. h\drocarbons at a pressure oi" prelerably <S()-6()() 
psig, and at a temperature of ~i\ at a iias htnirK space \elocUy ot^ ]()()-5(H)0 \ hr v. 

This catalvst can be regenerated b\ coniactme it with h\drogen eas. or a eas which is men ov 
non-reactive at stripping c(Miditions such as nitrogen, carbon monoxide, or methane, at a 
temperature suhslantialh the same as 1 ischer-Tropsch conditions It' it is necessar> \o remo\e 
coke deposits from the catalyst, the catalyst can be contacted with a dilute o\ygen-c(Milaining 
gas. at ox\gen partial pressure of at least 0.1 psig. at 300-550 ^C, \ov a lime sufficient to 
remo\e coke deposits. t(^llo\\ed b\ contact with a reducing gas containing h>drogen. at a 
temperature (>f 200-5'^:^ ""C and ai a pressure of 1 -4U atmospheres, for 0.5-24 hcmrs. 

U.S. Patent No. 4,585.7^^S issued on April 2^). 1086. describes a catalyst comprising 
cobalt and ruthenium in :m atcnnic ratio greater than about 200:1 and. preferably, a promoter, 
such as a (jroup IlIB or metal oxide, on an alumina suppon, used tor conversion of 

synthesis gas to h>drocarbon> at a pressure of preterabl\ 1-100 atmospheres and at a 
temperature 16O-350H', at a gas hourl\ space \ e!ocit\ less than 20.000 \' hr \ , preterabU 
l()0-5()0() \' hr \ . especiali\ 1000-2500 v lir \ . which is activated prior to use by reduction with 
hvdroeen iias. followed b\ oxidation with diluted air. followed by turther reduction with 
hydrogen gas. 

Despite the \ast amotmt of research elfon m this field, currently kncnvn methods o\ 
rcLieneration of I'lscher- 1 r^^psch catal\ sts are not alwa\s sufficientK effecti\ e tor a panicular 
cataUsi s\stem. In particular, it has been lound that certain types ot' deactivated catalysts 
cannot be effccn\ei\ regenerated b\- contacting them with Indrogen. Hence, there is still a 
ureal need to identit\ new regeneration meihod>. particularb methods that are etlecii\e lor 
reeeneratme dcactnated cobcih ruthenium catai\st concun-enth with regenerating the catah'st. 
Si> as lo maxinu/e the regenerated cai<il\ si acti\ U\ and ihu> enhance the process economic.-. 

Sl MM AR^ OF Tin l\\ FM ION 

'l"h:s invention relates lo a proce>s and ca!a!\^t tor producing h> drocarbon--. auA 
include- a meth.od lor caiaiv <t regeneraiio!: 1 he 1 !>clier- I ropscb. <>nthesis prv>ces^ cvnnpnse- 
eonraciine a teed -tream compri>i:v h\drogen and ^arboi^ nioni^x:de \\]lh a caiaKst w: 
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reaction zone maintained at conversion-promoting conditions effective to produce an effluent 
stream comprising hydrocarbons. 

The regeneration process comprises contacting a deactivated Fischer-Tropsch catalyst 
with a regeneration gas under regeneration-promoting conditions, for a period of time sufficient 
5 to reactivate the Fischer-Tropsch catalyst. More specifically, the regeneration-promoting 
conditions in accordance with the present invention include a temperature between about 250°C 
and 350°C and a pressure between about 0 psig (OT MPa) and about 350 psig (2.5 MPa). 
Contact with the regeneration gas is maintained for a period of time sufficient to reactivate the 
Fischer-Tropsch catalyst. The regeneration gas preferably comprises steam or steam and 
1 0 hydrogen, with the hydrogen not exceeding 5% by volume of the total regeneration gas. The 
volume ratio of the regeneration gas to the deactivated Fischer-Tropsch catalyst is preferably at 
least about 3. It will be understood that in some instances the regeneration gas may be 
generated b\ passing a liquid through a heating zone before contact with the catalyst: and it will 
be further understood that references herein to regeneration gas include streams that may 
1 5 coniam some hquid. 

This inx enlion further includes a process of cycling between the synthesis process and 
the regeneration process. 

DETAILED DESCRIPTION OF THE INVENTION 

Synthc^iis Reaction 

20 The feed gases charged to the synthesis process that precedes the present regeneration 

process comprise hydrogen, or a hydrogen source, and carbon monoxide. H2/CO mixtures 
suitxible as a feedstock for conversion to hydrocarbons according to the synthesis process can 
be obtained from light hydrocarbons such as methane by means of steam reforming, partial 
oxidation, or other processes known in the art. Preferably the hydrogen is provided by free 

25 hydrogen, although some Fischer-Tropsch catalysts have sufficient water gas shift activity to 
convert some water to hydrogen for use in the Fischer-Tropsch process. It is preferred that the 
molar ratio of hydrogen to carbon monoxide in the feed be greater than 0.5:1 (e.g., fi-om about 
0.67:1 to 2.5:1 ). The feed gas stream may contain hydrogen and carbon monoxide in a molar 
ratio of about 2:1. The feed gas stream may also contain carbon dioxide. The feed gas stream 

30 should contain a low concentration of compounds or elements that have a deleterious effect on 
the catalyst, such as poisons. For example, the feed gas may need to be pre-treated to ensure 
that it contains low concentrations of sulfur or nitrogen compounds such as hydrogen sulfide, 
ammonia and carbonyl sulfides. 
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The tccJ i:as i ■■ cpniaci-jd uiih the caiahst in a rcaciion /oi^.j. Mechanical arranLiemoni^ 
of conx cnlional dcsnjn ma> he employed as the reaction /one mchiduvj. lor example, fixed 
htfd. lluidi/ed bed. >lurr> pha>e. >liin-> bubble ee^lumn rea.nxe disnhation column, or 
ehulliaiine bed reactors, anions' oiiier-. ma\ be u^ed The >i/e and pin.Mcai lorm i>t'the catahsi 
ma\ \'arv. dependinL: on the reactor in which it is t(> be used. 
Catalyst Support 

The active catalyst components are earned or supported on a suppon selected irom the 
izroup including siiua. titania. titania alumina, zirconia. alumina, aluminum lluoride. and 
tluonded alumina. .Aluminum lluoride supports are defined as at least one aluminum lluoride 

\i) (e.g.. alpha-AlF.. beta-All delta AllT eta-AlF;. gamma-Alb;. kappa-Alh , and or iheta-AlFo. 
[^referred suppoHs include alumina and aluminum lluonde. Preferred aluminum lluoride 
supports are aluminum tluorides that are primarily alpha-AlF; and. c^r beta-All ;. 

Muorided alumma is defined as a composition compnsing aluminum, oxygen, and 
fluonne I he lluonde content ol the tluonded alumina can \ ar> cn'er a wide range, from about 

15 0.00 1^. to about 67.8% by weight. Preterred arc nuondcd aluminas containing from O.OOr^o to 
about 10% by vVeight iluonne. 1 he remainder of the tluonded alumina component will include 
aluminum and ox>gen. The composition n^av also contain a minor amount (compared to. 
aluminum) of silict)n. titanium, phosphorus, zirconium and or magnesiunv 

The support material comprising tluonded alunnna.s and or an aluminum lluonde nun 

20 be prepared bv a xanet> of method>. 1 or example. I'.S. Patent No>. 4.:-5.()4b and 4.O02.83S 
and 5.243.1 OO disclose the preparation of tluonded alumina by the reaction of alumina with a 
vaponz^hle lluonne-coniaining iiuorinating compound. Suitable lluonnating compounds 
include Hh. C\dd-. CCd;! ;. C'HCll C'H:(Hf:. CC1:}TTM1 : and CUP;. T S. Patent 
No. 5.243.1 no di-closes the preparauon oi d high punty AlP. Irom aluminum sec-butoxide and 

25 HP. 

Metals can be supponed on aluminum lluonde or on lluonded alumina m a vanety oi 
wa>.s. Por example. I'.S. Patent No. 4.7h0.2h() discloses the preparation of metals such a^ 
cobali on a tluonded alumma suppon using impregnation techniques to support the metal. I .S. 
Patent No. 5..-^>^^(U>w discloses the preparaticMi of a multiphase catalyst composition eompnsmg 

^(1 various Mieial tliionees iiKUidmg ee>balt lluonde homogeneou^b di.-persed with aluminum 
tiui>riae PV 1 Ini Pub! No. \'^^^] diselosCN the preparation o\ multiphase cataK-i 
cotnpo-^;monv eorrpriMne i^iet.iUiL ruthenium homogeneoa-i> di-persed wiiii \ariou> metal 
tii;e'r:ae:^- inehKiirg aiarmram IiavU-ide. 



wo 01/36352 



PCT/USOO/31559 



Phases of aluminum fluoride such as eta, beta, theta and kappa can be prepared as 
described in U.S. Patent No. 5,393,509, U.S. Patent No. 5,417,954, and U.S. Patent 
No. 5.460,795. 

Aluminas that have been treated with fluosilicic acid (H2SiF6) such as those described 
5 in European Patent Application No. EP 497,436 can also be used as a support. The support 
disclosed therein comprises from about 0.5 to about 10 weight percent of fluorine, from 0.5 to 
about 5 weight percent of silica and from about 85 to about 99 weight percent of alumina. 
Catalyst 

Catalysts which are contemplated to be regenerated by the present method include any 

10 of the Fischer-Tropsch catalysts known in the art, such as cobalt, ruthenium, cobalt/ruthenium, 
cobalt/rhenium, iron, and nickel. In particular, the catalyst may include cobalt and ruthenium. 
The amount of cobalt and mthenium present in the catalyst may vary widely. Typically, the 
catalyst comprises cobalt and ruthenium in an amount from about 1 to 50% by weight (as the 
metal) of the total weight of catalytic metal and support, preferably from about 1 to 30% by 

15 weight, and more preferably from about 1 to 25% by weight. Ruthenium is added to the 
support in a concentration sufficient to provide a weight ratio of elemental ruthenium to 
elemental cobalt of from about 0.001:1 to about 0.25:1, and preferably from about 0.001:1 to 
about 0.05:1 (dry basis). 

The catalyst may also contain a promoter selected from the group consisting of boron, 

20 phosphorus, potassium, manganese and vanadium. The amount of promoter is added to the 
cobalt-ruthenium catalyst in a concentration sufficient to provide a weight ratio of elemental 
promoter to elemental cobalt of from about 0.00005:1 to about 0.5:1, and preferably from about 
0.0005:1 to about 0.01:1 (dry basis). 

Catalysts which may be regenerated by the present method may be prepared by any of . 

25 the methods known to those skilled in the art. By way of illustration and not limitation, such 
methods include impregnating the catalytically active compounds or precursors onto a support, 
extruding one or more catalytically active compounds or precursors together with support 
material to prepare catalyst extrudates, and/or precipitating the catalytically active compounds 
or precursors onto a support. Accordingly, the supported catalysts of the present invention may 

30 be used in the form of powders, particles, pellets, monoliths, honeycombs, packed beds, foams, 
and aerogels. 
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riiL' nio-^i prctLTiL\l iiiclhoJ < prcparaiuMi n\.v- \ar>, a- \m!1 i^a rcaoani/ad b\' tho>a 
>Ki!laa in i:;a an. dcpana i:a l^a' cxanirlc on iha d.'^aa\j ^ailal;^i [\irti^!a I hosc >killcJ ip 

lha an abia >aU>.l lha -^uiUilMa PK'lh'>a a a'vaii ^at -.^l r^ajairainanis. 

1 )r.a inallhki vw praparina a >i;pporiaJ nvjiai »."aial\:-l (c.a.. a >upponc\l cobalt, 
aohall ruthcniuni. ov aobaii. na^^aniuin pn^nioiar catah so i> !\\ ip.aipicni wclPiCSS imprcgnalioPi 
I if the support with an aL|[.ic(U;> solulion oi a soluble nw.ai sail such as niiralc, acclalc. 
acct\ lacatonaic or llva lik^-. Another method of preparinj: a supported metal catalyst is by a 
Mielt impres^natiop. technique, wiiicb. in\ol\e> preparniL: the >upponed metal catalyst Ironi a 
molten metal salt. One preleiTcd method to imjMeLinaie the support with a molten metal 

palraie fe.a.. i."(MN( );):aalf ( ;m .\hernati\ el> . tiie supi^ia't can be imprcijnated with a solution ot 
a ycvo \alcnt meta! prcLursor. ( >ne prelerred method is ti^ uiipregnate the support with a 
solution of zero \aient cv^bali such a> C'v^aC/O) v. CoaC^C^f; or the like m a suitable organic 
sol\-ent (e.a.- tv>Riene) Saitabie ruthenium compounas are the common water soluble ones, 
eaa.. ruthenium heptoxide (Ru:( ) i and amuKmium perruthenaie (NlI.iRuO.i). 

The imprcLinated support is dried and reduced with hydrogen or a hydrogen contaming 
eas. The hydn)t:en reducticm step may not be necessar>' if the cataK st is prepared with zero 
\alent cobalt. In another preferred method, the impregnated support is dried, oxidized with air 
or (^wgen and reduced in the presence of hydrogen. 

Ixpicalh. at least a portion of the metahsi of the catalMic metal component (a) ot the 
catalysts ot the present nnention is present m a reduced state (i.e.. in the metallic stale). 
Iherefore. it is nomially advantageous tt^ activate the catahst prior to use by a reduction 
treatment, in tlie presence a*f h\drogen at an elevated temperature 1 \pically. the catalyst is 
treated wiiii ludrogcn ai a tcm.pcrature in th.e range of Uo]v. about C to about tor 
about o a^ about 24 hour.s ai a pressure ol" about 1 to abiUit "5 atm. Pure Indrogen ma\ be 
used in the reduction treatment, a:- ma> a mixture of Indrogen and an inert gas such as nitrogen, 
or a mixture ot h\droacn an.l other gases as are known m the art. such as carbon monoxide and 
carbon dioxide. Reduction with mire h\ dra>gen and reducium with a mixture cM' hydrogen and 
carbon moni^xide are pretarra.i fiva amouni ol"h\drr>aen ma\ range irom about I^'n to abotit 
joo'a, [>\ \ofame 
( atalysis 

1 Pl- i isaiiar- ! ropr-cli p!"ove-> iNj^ica!i\' I'un in a coniinuou> nu^aa. \n nivKie. the 
tifur;-. ^paca \cioep\ liaoujl^ ihx reactio:: /oik ma\ range Irom aboui 
\oiaraa- avaa- \-^ap^;j ' \ ^ ^^ .i^-^.-a N' mm..-, h' \ . pretera^^'\ inTii aboni 

\ 
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300 v/hr/v to about 2,000 v/hr/v. The reaction zone temperature is typically in the range from 
about 160°C to about 300°C. Preferably, the reaction zone is operated at conversion promoting 
conditions at temperatures from about 190°C to about 260°C. The reaction zone pressure is 
typically in the range of about 80psig (653 kPa) to about 1000 psig (6994 kPa), preferably 
from 80 psig (653 kPa) to about 600 psig (4237 kPa), and still more preferably from about 
140 psig (1066 kPa) to about 400 psig (2858 kPa). 

The products resulting from Fischer-Tropsch synthesis will have a range of molecular 
weights. Typically, the carbon number range of the product hydrocarbons will start at methane 
and continue to the limits observable by modem analysis, about 50 to 100 carbons per 
molecule. The catalyst of the present process is particularly useful for making hydrocarbons 
having five or more carbon atoms, especially when the above-referenced preferred space 
velocity, temperature and pressure ranges are employed. 
Regeneration 

The catalysts described above tend to become deactivated. They can be regenerated, 
and reactivated to restore their initial activity and selectivity, by contacting them with a 
regeneration gas comprising steam. The regeneration gas may further comprise hydrogen in an 
amount not exceeding 5% by volume of the total regeneration gas. Fischer-Tropsch synthesis 
conditions may be maintained, but preferably the pressure is slightly reduced and the 
temperature is raised during regeneration. The temperature is preferably increased by an 
amount between 0°C and 150°C from the operating temperature of the Fischer-Tropsch 
s>'nthesis. Regeneration temperatures can thus range from about 220°C to about 450°C, 
preferably from about 250°C to about 350°C, preferably between 260-300°C. Likewise, the 
pressure is preferably reduced by between 10 psig and about 300 psig from the pressure of the 
Fischer-Tropsch synthesis. Pressures can thus range from about 0 psig to about 350 psig. 
Contact between the regeneration gas and the catalyst is maintained for at least 5 minutes and 
preferably for at least 4 hours. At least 0.5 volumes, preferably at least 1 volume, and most 
preferably at least 3 volumes, of regeneration gas are used for each volume of catalyst. 

Under these regeneration conditions, it has been found that the activity of certain 
catalysts will return to levels at or exceeding the pre-deactivation activity. In addition, it has 
been found that the level to which the activity of these catalyst drops as a result of deactivation 
may increase slightly over the first few regeneration cycles. 

It is a surprising discovery of this invention that there is an optimal temperature range 
for the regeneration process of this invention. It has been discovered that at lower 
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tcnir^'^^^^^i^'-""- ^tcain di'c- n.n ycj^cucvaW ilic cauil\>i, Ai hi^h icmpcraturc-. the sicani 
causes dcirimcnial -clccii\ii> ci;anjcs lo the cataU^t. Mcani i> an v>\ui]/niL: aiiciu liiai can 
oxiJi/c cobalt niclal sac^ on tli.- catai>sl to ci>hall oxide, wivi^^h i> lua cataUuc loi 1 )>chci- 
Iropsch s\nlhcsi>. 1 licrc i> ^iLjni ikap.i lilcraiurc siaiiiiL: lhai water or >icani has a siLinilicanl 
inhibiline cftccl on the laschcr- 1 ropsch rcaciu-n. IIcikc. ii was cvpccicJ that steam wouki 
Jcaciixate the caiaKst further. C ontrar>- to tliese expectations, it ha^ been diseo\ereJ that there 
exists a temperature r;mge in wliieh contact witli steam can cause an increase in catalytic 
activilN . Depending on the catai> >t and the degree ot" deacti\ ation. it has been lound that 
activity can be increased by at least 5(^"o and SiMiietimes as much as 70()'\.. 

Wliile not wishing be buund b\ an> tlieor>, it is beiie\ed that coking may be one 
mechanism thai causes catalyst deactivation. Cokmg la>s down a layer of carbon on the 
caiaK St. Steam can regenerate ct^ked catal\ st through the rev erse dissociativ e C(^king reaction: 

1 * r w C'( ) - l i: 

It has been discovered that. b\ opiimi/.mg the temperature and pressure of the regeneration 
process, deactivated catalyst that may be coked Ccin be cftectiveK reactivated with steam, 
without adversely affecting its catalytic activit\. If the primar>- deactivation mechanism is 
cokmc then steam will work in preference to hvdrogen gas. Hydrogen gas may work better m 
cases where oxidation and sintering are the key mechanisms of deactiv ation. 

It is believ ed tiiat there are at least two genera! classes of catalvst where coking may be 
tlie key deactivation meclKmism Ihc tirsl class of catalvst is coball-ccmiaining supported 
calalvsts where the support has high aeiditv . Acid site coking is well known in the art as a 
mechimism of the cc^king reaction. As an example, tluorided supports are highly acidic. I he 
second Class ol catalvst is cobalt-containmg catalysts having a high initial activit\ . A high 
initial activit\ occurs w hen the initial ( 'C ) conv ersion is greater than about 60" o or the initial C',. 
productivuv IS greater than g hr kg catalyst. With high activity, the surtace temperature 
on a catalv ,st particle can be v erv higii. aiding in the coking mechanism. 

I' X ample 1 

.\ fixed bed reacicM- w.is used tor the tirst example Vhc fixed bed was a I m. tubular 
reactv^r packed with grani.s ol catahst and about .^M i gram< of diiucnt (glass beads). .A 
Ihemiocouple m tnc middle ol the [-eJ rc^~oi\\cA urc lenipcrati:: Svnlliesis ga:^ xsitii a ratio ol 
aPout 2 ll C"*> (nioimoi) wa> led lo the reacio: ^u.-h tfiai iha spa.-- \c\ocV\ wa- aixni: 2 
standard iiier> -\ nga.^ iir gram oi catai\>: 1 lie temper.i:u:e diiriKL: \hc reaction wa^ heid 
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Two liquid products were obtained, the heavy waxy hydrocarbon (mostly C2(h-) and a mixture 
of water and light hydrocarbon. A standard dry gas meter measured the off-gas rate. The 
composition of the off-gas was measured by gas chromatography. In the attached data, the 
catalyst was 19% Co, 0.1 % Ru on Alumina. The catalyst average particle size was 20 
microns. 

With reference to Figure 1, which shows the measured results, it can be seen that 
initially the catalyst activity produced a conversion of about TO^/o. The conversion fell fairly 
rapidly to 15% within 168 hours. At that point, the regeneration procedure was started. The 
feed was stopped and steam containing H2 in the amount of 7% by volume was fed to the 
reactor. The steam was formed by vaporizing water in a line. Hydrogen gas was combined 
v^th the steam after vaporization. The W.H.S.V. was 5 grams water per gram catalyst per hour. 
The temperature in the reactor was maintained at about 300°C. The regeneration gas was fed 
for 4 hours. At the conclusion of the regeneration procedure, the regeneration gas was stopped. 
The temperature was lowered back to the reaction temperature of about 225°C. Syngas feed 
was resumed. The initial catalyst activity and selectivity as measured returned to the initial 
reaction. After about an additional 300 hours, the conversion fell to 32%. The catalyst was 
again regenerated in the manner described above. This procedure was repeated several more 
times. Regeneration was effective each time in the initial activity and selectivity. 

In Figure 1 the thick vertical lines indicate the beginning of the regeneration procedure. 
The slight increase in activity level preceding each application of the regeneration procedure is 
not believed to be a general phenomenon. Causes might include slight adjustments in reaction 
conditions that occurred in some cases prior to regeneration. It can be seen in Figure 1 that the 
activity after regeneration was at least 70% each time the catalyst was regenerated. The data in 
Figure 1 suggest that the activity falls again less than 50 hours after regeneration. However, the 
data in Figure 1 also suggest that the activity is raised to a higher baseline value after each 
regeneration procedure. One way to keep the activity closer to its post-regeneration value for a 
longer period of time is to utilize a continuous regenerator. In a continuous regenerator, the 
catalyst is sent into a regenerator vessel that continuously applies steam. Regenerated catalyst 
is cycled back into the reaction zone in the Fischer-Tropsch reactor online. Thus, the average 
time since last regeneration of the catalyst may be minimized. In this way, the Fischer-Tropsch 
synthesis operates at a level closer to, for example, the high conversion peaks of the graph 
shown in Figure 1. 

Example 2 
11 
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A bed YCA^lor w.i- u>cJ. ! lixcJ i^cJ i in Uihiiiar reactor packed with 

trains .>l'^a;aK-i and ai\^iu ^" ^r.^ni- of diluent leLi-- ix^d- i A tiiernie>eoupie in \hc middle ot 
ti^e bed ree.>rdea tiie ten^pcr.itare s>ntneM^ ea.. -.Mth r.aio .-l aboat 2 H. ("( > iVAol mol i \va> 
led to ihe reactor >u-h tliat the :>pace ua- aboul 2 standard liter- oi >\nL:as hr Lirani ol catalyst 
The teMiPeraUirc durini: the reacth>n wa^ he:d constant at about 225 A'. The pressure was held 
constant at about Tv-^n pMi: at tlie bed outlet. I wo liquid products were t^blaineJ. llie hea\ \ 
wax\ bi>drocarbon niiosth C; . t and a mixture ot water and liLiht h> drv>carbon. A standard dry 
i:as meter measured tb.e olt-izas rate. I he composition ot the otV-iias was measured by gas 
chromatoi:raph>. In the attached data, the cataly>t was A>A, C\». 0.1 Ru on Alumina. The 
catalvst a\era«je rariicie >i/e wa- 2*) micron-. ReL^eneratuM] was started after the leed was on 
stream tor a duration of between aboul 5(H) and 1()(H) hours. The feed was stopped and a 
regeneration gas wa- ted to tlie reactor. The tlrst three nnvs of Table 1 summarize resuhs for a 
re-cneration luis inekidinL] anoui ^^^^ '^. steam and about " ^.. h\droLzen gas. The last row of 
Table 1 summan/es results tor hvdrouen gas as tlie regeneration gas. In the cases ot a 
regeneration gas mcluding ^).V'<> steam and 7^> ludrogen gas. the steam was formed by 
vaporizing water in a line. The W.H.S.W was about 5 grams water per gram catalyst per hour. 
Hydroi:en gas was combined with the steam atter \ api)rization. In each case, the regeneration 
Lias was ted lor 4 hours. The pressure of the reaction /one was maintamed at about 50 psig 
durini: rcLieneraiion. At the Ci>nciusion ot the regeneraiion pi\>ceuure. the regeneration gas wa.s 
stopped. The temperature was lowered back to the reaction temperature of about 22^"L . 
Syneas ieed was resumed. I he procedure was repeated. var> mg the hours the syiigas feed was 
on stream m the range 5(in-lO(Ki hour<. The level of initial catai>st acti\ ity measured after 
iVLieneraiion. as the lractk>n o: C'()"n con\ersuMi regained atter a single regeneration i.s 
measured i> dispia>ed u\ I able 1 In all the steam case.-. selecti\ it> to and methane after 
reL:cneraiion wa- tiic same as tiie initial runs with the cataK.-t. l!owe\er. in the ease of H; ga- 
at .v^" ( - the con\c:sion merea.-e that occurred alter regeneration came almost entirely in the 
loi-m ol methane. I hi- i> con-istent w ith citiier -mtenng ot' the C o particle during the 
rcLieneraiion v^r rcaeti\anon or aeii\ation ot' metb.ane producing site-. Reternng breiflv to 
1-peure 2, a temperature ot" ^v^'' ( w.is cho-en lor the atlen^jM lo regenerate the catalv-;t with H; 
!^a- becau-e teniPcran:re prograinnu'd reLiuction expepmeni- mdicaie tlKit Uill reduction ol 
cata!\.>: irom tiic oxide -late to meial aoe- not oc.ur --niiican:l\ beu-A C In f igure 2. 

r-.'i't. 'w.. c.iPiA-t- .:re -now:.. namei\ 2o w t.' . (. \ . i w t ■ Re vp: .Xiun^ma and 2n wt'P' 
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cobalt aluminates to be reduced. Referring again to Table 1 , the poor performance of H2 gas, a 
reducing agent, in regenerating the catalyst at 350°C, suggests that catalyst oxidation is not a 
primar\' mechanism of catalyst deactivation for the catalysts smdied. 

Table 1 



Regeneration Gas 


Temperature of Regeneration 
(°C) 


Fraction of Conversion 
Regained 


93% steam/7% H2 


250 


10 


93% steam/7% H2 


300 


95 


93% steam/7% H2 


350 


0 


H2 eas (no steam) 


350 


10 



5 



Example 3 

A slurry reactor was used. The catalyst particle size was about 20 microns in diameter. 
The impeller speed was 600 rpm during reaction and regeneration. The impeller acts to 
suspend the catalyst particles in the solution and keeps them from settling. Without the 

10 impeller, the catalyst would largely be at the bottom of the vessel and would not be in contact 
with the reactants or the regenerating gas. Further, the impeller acts as a gas mixing device. 
The type of impeller was a gas-inducing impeller configured to feed gas through a hollow shaft 
into the liquid.* The impeller speed was chosen to be sufficiently high enough as to keep the 
catalyst in suspension and to break up large bubbles that may form by coalescence and thus 

15 keeps the interfacial area available for mass transfer from the gas to the liquid as high as 
possible. Slightly higher or lower impeller speeds do not significantly affect reactor 
performance. The maximum stable impeller speed in our system is about 1200 rpm, as higher 
speeds cause undesired vibrations. The catalyst was 20 wt % Co, 0. 1 wt % Re on a fluorided 
alumina support. Suitable fluorided alumina supports are disclosed, for example, in co-pending 

20 application number 09/314,921, commonly owned with the present application, and 
incorporated herein by reference. The slurry was approximately 15 wt % catalyst. The 
Fischer-Tropsch reaction was carried out at a pressure of about 350 psig (2.5 MPa) and a 
temperature of about 225 °C. Table 2 shows that initially the catalyst activity produced a 
conversion of about 60%. The conversion fell fairly rapidly to 15% within 1014 hours. At that 

25 point, the regeneration procedure was started. The feed was stopped and steam containing 
about 5% H2 by volume was fed to the reactor. The steam was formed by vaporizing water in a 
line. The W.H.S.V, was about 3 grams water per gram catalyst per hour. The temperature in 
the reactor was maintained at about 300°C. The pressure in the reactor was maintained at about 
50 psig. The regeneration gas was fed for 4 hours. At the conclusion of the regeneration 

13 
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^^.\iu:^ . li^- ivsjcncratu ^^a.- su>p[K\: i I jiupci alurc ^\a- lowered back to the 
reajlii n :e::i:x'i\iiure abtuul"" C. >\nevi- leeJ \\a- re--iinie.: The iiiUiai Lala]\>>I acti\it>- a> 
-um-;::l-u teeaiiieJ lo ■ I i-e initial ^eieeli\.'> a- nieasurwi rcUirncd t» - a lc\c! close lo 
ihc iniMai ic\ c:. 

I ahic : 



i \mc on Str eam (hours ) ^ C ( > C. oincrsion (mole "ol 



(I 



1014 1> 



I \ 1 St - re s^cner a 1 1 o i ; 



WitiuKii turtiicr ciaboraih mI. n i- bchexcd tiiai one skilled m the art can, using the 
dcscnpuon hereni. uiili/c ihe present unenlion lo it> llillesi extent. The embodiments 
dcscnbed herein are to be constRied as illustrative, and not as constraining the scope of the 
present in\cntion in an> \\a>- \\hatsoe\cr I-urthemiore. various modifications can be made 
uiihoul depaniug trcnn the sco^pe nt the present nnention. For example, while the present 
method has been dcscnbed as a batcii process, it w ill be understood that it can be carried out on 
a continuous basis, using known leehnoh^gies tor eontinuousl) treating eatal> st. 

Ihe complete disclosures of all patents, patent documents, and publications cited herein 
are mcorpv>raled by relerence in ti^Mr entiret\ 
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CLAIMS 

What is claimed is: 

1 . A process for regenerating a deactivated Fischer-Tropsch catalyst, comprising 

contacting the deactivated Fischer-Tropsch catalyst with a regeneration gas 
5 under regeneration-promoting conditions, for a period of time sufficient to reactivate 

the Fischer-Tropsch catalyst, wherein the regeneration gas comprises steam. 

2. The process of Claim 1 wherein the regeneration-promoting conditions include a 
temperature that is between 0 °C and 150 °C higher than the mean temperature of the Fischer- 
Tropsch synthesis in which the catalyst became deactivated. 

10 3. The process of Claim 1 w^herein the regeneration-promoting conditions comprise a 
temperature between about 250 °C and about 350 °C. 

4. The process of Claim 1 wherein the regeneration-promoting conditions comprise an 
average temperature about 300 °C. 

5. The process of claim 1 wherein the period of time is at least 4 hours. 

15 6. The process of claim 1 wherein the volume ratio of the regeneration gas to the 
deactivated Fischer-Tropsch catalyst is at least about 0.5, 

7. The process of claim 1 wherein the volume ratio of the regeneration gas to the 
deactivated Fischer-Tropsch catalyst is at least about 1 . 

8. The process of claim 1 wherein the volume ratio of the regeneration gas to the 
20 deactivated Fischer-Tropsch catalyst is at least about 3. 

9. The process of claim 1 wherein the regeneration-promoting conditions comprise a 
pressure which is substantially the same as the mean Fischer-Tropsch synthesis pressure. 

10. The process of claim 1 wherein the regeneration-promoting conditions comprise a 
pressure between about 1 0 psig and about 1 00 psig. 

25 11. The process of claim 1 wherein the regeneration-promoting conditions comprise a 
pressure reduced by an amount between about 10 psig and about 300 psig from the mean 
pressure of the Fischer-Tropsch s>Tithesis. 

12. The process of claim 1 wherein the regeneration gas further comprises hydrogen in an 
amount not exceeding 1 0% by volume. 
30 13. The process of claim 1 wherein the regeneration gas further comprises hydrogen in an 
amount not exceeding 1 % by volume. 

14. The process of claim 1 wherein the Fischer-1 ropsch catalyst comprises a metal selected 
from the group consisting of cobalt, ruthenium, cobalt/ruthenium, cobalt/rhenium, iron, and 

15 
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nickel. 

15. Vh-j vrocc» r^' claim : wherein the I" ischer- 1 i\»p.^^h ^aiai> ctMnpn^e-^ a Miopori 
sclccicJ iron^ the er^uij^ enn>>:i:ie ^ '1' -liiea. UlanK:. niania. a;iin niu: . /iivvwna. alunnna. 
aluminum liuoriJe. and lUu^riJeJ aluminas 

16. 'Die procc>s of eiaim 1 \sherein ihe I- ischer- I ropseh ealal\>l compri>es a promoter 
seleclcd from the Liroup consisunL! oi' boron. phosphortni<. j^otassiuni. man^ianese. and 
vanadium. 

17. The process i>f claim i uherein tlic hischer- 1 ropscli caiaK^i comprises cohah and 
ruthenium. 

18 The process oi" ciam: i wiiercin the I" ischer- i ropsch caiai> si comprises cobalt and 
rhenium. 

IV). The process of claim 1 wTerein the catalyst comprises an alumina suppon. 

20. The process of ciaini 1, w herein liie regenerated acti\ n\ ot the hischer-'l ropsch catalyst 
after regeneration is about SO" o of the initial activit\ of the }■ ischer-Tropsch cataK st at the 
initial point in lime of the Fischer- 1 ropsch synthesis in w hich the catalyst became deacti\ ated. 

21 . A process lor regenerating a deactivated h ischer-Tropsch cataK st. cc^mpnsine: 

Lontactine the deactivated f ischer- 1 ropsch catalyst with a regeneration gas 
under rcLieneraticnvpromoting conditions including a temperature between about 2.^0 
and 350 and at a pressure between about 10 psig and 350 psig. for a period ol tune 
sufficient to reactn ate the 1- ischer- 1 ropsch catalyst to :m actu ity le\ el of S0"o of the 
initial activii> le\el prior to deacii\ation: the regeneration gas comprising steam and 
less than 10'' o h\ \ oiume hydrogen: w herein the \ olume ratio of the regeneration gas to 
the deacn\ ated I isciier- 1 ropsch catal> st is at least about 3v 

22. A prc>cess tor producing h\ drocarbons. comprising the steps ol 
(a I carrMug out a I'ischer-Tn^pscl: s\ nthesis. comprising 

c^>niacting a teed stream comprising Indrogen and carbon mcMioxide 
with a cobali-containmg cataKst in a reaction /one maintained at con\-crsicMi- 
promotmL: condiiion.s eflecti\e to produce an elTiient stream ccMnpnsing 
h\drocarbon> until the actiMt\ o\ \hc cata!><i urop> to a tirst predetermined 
level. 

(i-i carr\ ini: out a reeeneration ot deacii\ atcvi l isvi^cr Iropsci-i caiaUsi. cinnprising 
coniacm^g the deactixaled l ischer- i rop>ch catah s: \\:ih ^team unvier 
rcLiener.ii:* ^:vnvv!::oi:n J cvinditions. lor a periini ^^1 !in;e sulncien: to reavt]\aie 
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the Fischer-Tropsch catalyst to a second predetermined level of activity; and 
(c ) cycling between steps (a) and (b), depending on the status of the catalyst. 
23- The process of claim 22, wherein the catalyst is characterized by an initial 
predetermined level of activity prior to the first time step (a) occurs. 

24. The process of claim 23, wherein the second predetermined level of activity is at least 
80% of the initial predetermined level of activity. 

25. The process of claim 22, wherein the first predetermined level of activity is less than 
about 25% of the initial predetermined level of activity. 
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